ABSTRACT The method for detecting and locating a Kelvin wake in the background of a twodimensional (2-D), large-scale, random rough sea surface is studied. In this method, the large-scale, 2-D dynamic sea surface is partitioned, the correlation function between each partitioned sea surface is analyzed and extracted by the feature selective validation method, and the energy characteristic difference measures between each partitioned sea surfaces are obtained. By averaging the difference measures between the target partitioned sea surface and the adjacent sea surface, we can obtain the average value of the characteristic difference measure of each partitioned sea surface. Through the simulation and calculation, it was determined that, after the Kelvin wakes are superimposed on the partitioned sea surface, the characteristic difference measures are clearly larger than that of the partitioned sea surface without superimposed wakes. This finding shows that the method can effectively detect the changes in the sea surface wave energy caused by the wakes. The result shows that the method can accurately and efficiently identify the location of the partitioned sea surface where the Kelvin wakes are superimposed, after selecting a reasonable threshold, to realize the accurate location of the Kelvin wakes.
I. INTRODUCTION
With the rapid development of airborne and spaceborne radar remote sensing technology, the study of electromagnetic wave echo signals on a wide range of sea surface has become a heavily researched topic, which has stimulated the interest in studying various sea surface forms and provided the theoretical and experimental basis for the scattering study of the ship wake. In the use of radar to achieve marine surveillance, due to the limitations of the size of the ship itself and the application of military stealth technology, it is very difficult to monitor ship targets in complex sea surfaces directly through radar. The ship wakes have a greater time and space scale than the ship itself, and under certain conditions, the ship wakes can stretch several kilometers or even tens of kilometers. Therefore, the ship wakes in radar imaging have more obvious observation features, and the use of the identification and location of the ship wakes to achieve sea surface ship monitoring is gaining attention.
The ship wake's information is contained under complex sea surface background conditions, and research on waves and other background information for the use of remote sensing detection to achieve the identification of wakes is very important. At present, random rough sea surface modeling is based primarily on the spectral characteristics of the waves. By selecting the appropriate wave spectrum model, we use the inversion method to obtain the sea surface height fluctuation change and reflect the basic characteristics of the random rough sea surface. The sea spectrum can provide the distribution of the harmonic components of the sea surface relative to the spatial frequency and azimuth, which can be divided into the gravity and tension spectrum, according to the structural difference. In 1964, PM spectrum [1] was proposed by Pierson and Moskowitz, based on analysis of the North Atlantic observational data (1955 to 1960) , and is applicable to the steady-state sea surface model. Since the PM spectrum is only related to the wind speed above the sea surface, it has been widely used in the study of wave engineering. Fung and Lee [2] obtained the 2-D sea spectrum model using the product of the one-dimensional sea spectrum and wind direction function. The linear filter method [3] - [6] , also known as the Monte Carlo method, is the basic idea of filtering in the frequency domain using the sea spectrum and through the inverse Fast Fourier transform (IFFT) thereafter to obtain the height fluctuation of the rough sea surface. Through the above method, we can construct a static sea surface at a certain time and introduce the time-dependent factor based on the dispersion relation of the sea wave to obtain the dynamic time-varying sea surface [7] - [9] . In this paper, the PM sea spectrum model is selected, and the 2-D dynamic sea surface modeling is realized by the linear filter method, based on the linear wave theory. Due to the use of Fast Fourier transform (FFT) in the linear filtering [10] , the computation time is greatly reduced, thereby laying the foundation for large-scale sea surface modeling.
The Kelvin wake [11] was first proposed by Lord Kelvin in 1887, in which he discussed the wake problem of the point perturbation in the still water, producing the Kelvin wakes, containing the divergent and transverse wave. Tuck [12] simulated the parabolic hull structure with two points from the bow and stern and calculated the wave form of the Kelvin wake using the Kelvin phase method. Based on the relationship between the traveling wave dynamics of the ship combined with the phase method, Newman and Landweber [13] analyzed the geometry of the Kelvin wake in detail. Under the condition of non -viscous fluid, Fontaine et al. [14] analyzed the geometry of the ship Kelvin wake. These researchers both considered the hull structure but also considered the near field and far field wave height and used the perturbation theory of the matching method to match the two wave heights.
In this paper, the Kelvin wake is linearly superimposed on the 2-D large-scale dynamic sea surface. Next, the sea surface is geometrically partitioned, where the Kelvin wake is superimposed. By extracting the variation of sea wave energy in different partitioned sea surfaces, we propose a method for detecting and locating the Kelvin wakes, based on the extraction of the energy characteristics. After the extraction of the energy characteristics, the visual observation of the characteristic curve, to determine the presence or absence of ship wakes will contain human error. Specifically in complex sea surface conditions, the wake characteristics will be buried in the sea surface noise, and it is difficult to make accurate judgments. Based on the FSV method [15] - [17] , this paper presents an evaluation method for extracting and quantifying the difference measures of sea surface energy characteristics, which greatly improves the accuracy and intuitiveness of ship wake identification and location.
II. MODELING OF 2-D DYNAMIC SEA SURFACE WITH KELVIN WAKES A. MODELING OF 2-D DYNAMIC SEA SURFACE
The existing dynamic sea surface generation is primarily based on various types of sea spectrum. The sea spectrum is defined as the Fourier transform of the sea surface height correlation function, which provides the distribution of the harmonic components of the sea surface relative to the spatial frequency and azimuth. The sea spectrum is one of the most basic methods to describe the sea surface. The linear wave theory treats the steady-state infinite deep sea surface as a superposition of a large number of harmonics, and its amplitude is an independent Gaussian random variable. According to this theory, the use of the linear filter method can obtain a dynamic sea surface height expression. The basic idea is to perform Fourier transform of Gaussian white noise, filter it in the frequency domain with the sea spectrum, and obtain the height expression of the sea surface by inverse Fourier transform [1] , [2] , [18] , [19] . The expression is as follows: (1) where
and where L x and L y are the length of the 2-D random rough sea surface in the x-axis and y-axis directions, M and N are the number of discrete points at equal intervals, x and y are the distance between adjacent two points, N (0, 1) is a set of random numbers that follows a normal distribution with a mean of 0 and a variance of 1, and the discrete wave number is
To ensure that the height of the sea surface after the inverse Fourier transform is real requires
S k x , k y is the power spectral density of the 2-D rough sea surface, which can be regarded as the product of the one-dimensional sea spectrum and wind direction function. In this paper, the expression of the 2-D PM sea spectrum is the following:
where k is wave number vector of sea waves, α and β are dimensionless empirical constants, α = 8.10 × 10 −3 ,β = 0.74, gravity acceleration is g 0 = 9.81m/s 2 , U 19.5 is the wind speed at the height of 19.5 m above the sea surface, θ is the direction of observation, and ϕ is the angle between the wind direction and x-axis positive direction. The calculation process can use FFT and IFFT, to significantly improve the computational efficiency. The 2-D dynamic sea surface model at different wind speeds are shown in Fig. 1 and Fig. 2 . From the figures, when the wind speed increases, the height of the sea surface increases accordingly. This is finding consistent with the actual situation of the sea surface. 
B. MODELING OF KELVIN WAKES
If the ship is treated as an ideal point source, the Kelvin wakes produced by the ship are made up of two waves: horizontal divergent waves and vertical transverse waves. The two waves interfere with each other to form a pointed wave. The wavelength of the pointed wave is shorter, and each wavefront cannot be separated independently and, expressed as a bright line, forming the Kelvin arm [20] , [21] . The corner of the Kelvin arm is approximately ±19.5 • .
Assume that the ship sailed in the negative direction along the x-axis, and the speed is v. θ is the angle between the wave direction and x-axis, while the wave elevation of the Kelvin ship wake can be expressed by [22] and [23] ζ (x, y) = Re
where k 0 = g 0 /v 2 , the gravity acceleration is g 0 = 9.81m/s 2 , k 0 sec 2 θ (x cos θ + y sin θ) is the phase function of the surface wave, F(θ) is the free spectrum that depicts the ship's characteristics, and its expression is
where Z = Z (x, z) is the hull equation of the ship. If we consider a simple hull shape with parabolic waterlines, and if it is wall-sided ship with draft depth d, then where b is the half-beam and l is the half-length of the ship.
Substituting (6) into (5):
and the mathematical expression of the wave elevation of Kelvin ship wake can be expressed as 
C. LINEAR SUPERPOSITION OF THE SEA SURFACE AND KELVIN WAKES
The 2-D dynamic sea surface and Kelvin wake are linearly superimposed to simulate the ship wake in the actual sea surface. To achieve the detection and identification of the Kelvin wake, the superimposed sea surface is divided into 5 * 5 areas and each partition is numbered according to its ranks (i, j), where i, j = {1, 2, 3, 4, 5}. The parameters of the sea surface modeling are as follows: the large-scale background sea surface has a modeling of 1000 * 1000 m, the Kelvin wake has a modeling dimension of 200 * 200 m, U 19.5 = 10m/s, ϕ = 0, the ship wake position is located at (2, 2) and the wake modeling parameters are the same as those in the previous section. To simplify the analysis process, this paper only superimposes one wake to identify, and the wake only appears in one of the partitioned sea surfaces such that the distribution of the ship wake is gradually weakened; therefore, this setting VOLUME 6, 2018 is reasonable and in line with the actual behavior of the sea surface; modeling results are shown in Fig. 4 and Fig. 5 .
III. DETECTION AND LOCATION OF KELVIN WAKES BASED ON FSV
In the background of the rough sea surface, the ship wakes are complex and have a structure that changes with time and space. Under different sea surface conditions, the structure of the wakes will undergo complex changes. Therefore, it is very difficult to identify the wakes directly from the sea surface image. From the perspective of energy change, the FSV method is used to realize the extraction and verification of the energy characteristics of the sea surface. By looking for the area with energy that is different from the sea surface background, the wake identification in the rough sea surface background is achieved. The wakes formed by ships sailing on the sea can be seen as superimposing new energy on the rough sea surface by the properties of the correlation function, in which the correlation function and power spectral function are a pair of Fourier transform pairs. Thus, the difference in energy from the wake can be expressed by the power spectral function, which can also be expressed by the correlation function. Calculating the correlation function of different partitioned sea surfaces and using the difference of the correlation function, it is possible to judge the sea area where the wakes may exist. A quantitative evaluation method, based on FSV, is proposed in the process of extracting and evaluating the difference of sea surface correlation function. The specific process is as follows:
1) 
A. EXTRACTION OF SEA SURFACE ENERGY CHARACTERISTICS
Take the height of the 2-D rough partitioned sea surface as f (i,j) (x, y), where (i, j) indicates the location of the ranks where the partitioned sea surface is located. For 2-D Fourier transform of f (i,j) (x, y), we can get the Fourier transform coefficients of the corresponding partitioned sea surface:
After the Fourier transform coefficient is calculated by the correlation function, the correlation coefficient of the partitioned sea surface is
The correlation coefficient of each partitioned sea surface is extracted along the direction of the angle α with the coordinate axis to obtain the measured values of the corresponding direction. The expression is
where n is the number of sampling points of α, and δ is the Dirac delta function. Using the above method, we can get the curve of the measured values of each partitioned sea surface; results are shown in Fig. 6 .
From the curve of each partition, the measured value of the position (2, 2), is where the superimposed wake is different from the measured value of that without superimposed sea surface. However, the use of the direct observation method to determine the difference between the curves is not intuitive and reliable, and if there is other interference noise on the sea surface, the accuracy of the observation judgment will be further reduced. Therefore, a more accurate and intuitive method is needed to quantitatively analyze and evaluate the differences between measured curves.
B. ANALYSIS AND EVALUATION OF MEASURED VALUES BASED ON FSV METHOD
The FSV method was presented by British Martin [24] in 1999. The purpose of the FSV method is to construct a quantitative, objective and unified standard of electromagnetic simulation reliability and effectiveness of the evaluation system. Based on the FSV method and actual background of the Kelvin wake modeling with a rough dynamic sea surface, this paper proposes a new wake identification and detection method based on the difference of measured values, level α(i,j) , of the partitioned sea surface.
The basic idea of the FSV method is shown in Fig. 7 : First, the detection values of each partitioned sea surface undergo Fourier transform, and the frequency domain components are decomposed into three parts: the DC component, the low frequency component and the high frequency component. The final feature difference measure can be obtained by comparing the three-part frequency components between the different partitioned sea surfaces. The four frequency points with the lowest frequency among the spectrum are DC components, with 40% of the total energy of the signal serving as the demarcation point of the high and low frequency component. The data processing is as follows:
where TDWS(k) is the spectral value of the k-th frequency point, S is the sum of the spectral values, N is the total number of frequency points, k 40% is the frequency point corresponding to 40% of the accumulated frequency from the fifth frequency point, and k bp is the demarcation point of high and low frequency components.
The DC data DC (i,j) , the low pass filter data Lo (i,j) and the high pass filter data Hi (i,j) of each partitioned sea surface detection value level α(i,j) can be obtained by performing inverse Fourier transform of the DC component, the low and high frequency in the frequency component can be obtained by the above processing. Based on these data, the difference in the characteristics of each partitioned sea surface can be evaluated, the overall difference of the partitioned sea surface is reflected, and the identification of the ship wake is realized.
To improve the accuracy of the ship wake identification, the difference between the target partitioned sea surface (i, j) and the adjacent partitioned sea surface ((i + 1, j) (i − 1, j) (i, j + 1) (i, j − 1)) are evaluated, and the average value of the differences of each partitioned sea surface is obtained. The characteristic difference measure between (i, j) and the(i + 1, j) partitioned sea surface is calculated below, and the calculations of other partitioned sea surfaces are the same.
Amplitude Difference Measure (ADM) can measure the consistency of the data in the overall value. The ADM value consists of two parts, which are given by the operation of the DC data and low pass filter data, respectively. Between these measures, the Offset Difference Measure (ODM) reflects the differences among the DC data.
where
N is the data length and n is the number of the data point. Feature Difference Measure (FDM) can measure the difference between the details of the data. This measurement is achieved primarily through the derivative operation of the high pass filter data and low pass filter data to reflect the trend and location differences of the features. The FDM calculation process is as follows:
Global Difference Measure (GDM) is synthesized by the ADM and FDM values. The expression is as follows:
where ADT and FDT are the weights of ADM and FDM respectively, with the assumption that ADT = FDT = 1.
Through the above method, we can obtain the characteristic difference measure data between the target partitioned sea surface (i, j) and its adjacent partitioned sea surface ((i + 1, j) (i − 1, j) (i, j + 1) (i, j − 1). The average value of the data can be obtained by the calculation; we can obtain the overall characteristic difference measure between the target partitioned sea surface(i, j) and its adjacent sea surface. The calculation process is as follows:
The average value of difference measure of each partitioned sea surface is shown in Fig. 8-10 . The average value of characteristic difference measure characterizes the difference measure in the energy of the sea wave between the target partitioned sea surface and its adjacent sea surface When the sea is superimposed on the Kelvin wake, the sea surface wave energy will change, and the corresponding average value of characteristic difference measure will also increase. From Figure 8 -10, the average value of the characteristic difference measure is significantly higher than that of other partitioned sea surfaces when the Kelvin wake is superimposed on the partitioned sea surface. After setting a reasonable threshold, if the average value of characteristic difference measure of the partitioned sea surface is greater than the threshold value, it can be determined that there may be a wake in the partitioned sea surface. It should be noted that the average value of the characteristic difference measure is related to the hull parameters of the ship, the speed of the ship and the like. It shows that the larger the hull size of the ship is, and the higher the ship speed is, the more obvious the Kelvin wake will be formed, and the greater the variation of the sea surface energy will be, the more obvious the difference of the average value of the characteristic difference measure will be, and the accuracy of the wake detection and location will also be correspondingly increased.
IV. CONCLUSION
In this paper, a method of partition detection and location of Kelvin wakes based on the FSV method is proposed. In this method, the large-scale 2-D dynamic sea surface is partitioned, and the FSV method is used to extract the average value of energy characteristic difference measures between each partitioned sea surface. By setting a reasonable threshold, we can intuitively and accurately locate the area where the Kelvin wakes are superimposed on the 2-D dynamic sea surface. The method is based on the extraction of the energy changes of the sea surface to achieve the detection and location of the wakes, and the impact of the ship wakes on the sea wave energy is considerably larger than other natural factors on the sea surface. Therefore, as long as the threshold selection is reasonable, this method can effectively avoid the natural factors that bring detection error, thereby achieving the desired detection accuracy. When the wake location is performed on the sea surface, the evaluation is based on the comparison of the difference between the average value of characteristic difference measure and the threshold value. Therefore, the proposed method is a quantitative and efficient wake location and detection method. It should be noted that the purpose of this method is to locate areas on the sea surface where wakes may exist, and its accuracy depends on the way of partitioning the sea surface. In the actual process, in order to achieve the desired accuracy, a step-by-step approach can be used to narrow the large-scale rough sea level. In the process of partition detection and location, the method can detect multiple partitioned sea surfaces at the same time, which greatly improves the wake location efficiency of largescale rough sea surface. The results of this study suggest the development of new ideas and methods for the location of Kelvin wakes in large-scale random rough sea surface.
